Abstract Kinetic Inductance Detectors (KIDs) provide a promising solution to the problem of producing large format arrays of ultra sensitive detectors for astronomy. Traditionally KIDs have been constructed from superconducting quarter-wave resonant elements capacitively coupled to a co-planar feed line [1] . Photon detection is achieved by measuring the change in quasi-particle density caused by the splitting of Cooper pairs in the superconducting resonant element. This change in quasi-particle density alters the kinetic inductance, and hence the resonant frequency of the resonant element. This arrangement requires the quasi-particles generated by photon absorption to be concentrated at positions of high current density in the resonator. This is usually achieved through antenna coupling or quasi-particle trapping. For these detectors to work at wavelengths shorter than around 500 µm where antenna coupling can introduce a significant loss of efficiency, then a direct absorption method needs to be considered. One solution to this problem is the Lumped Element KID (LEKID), which shows no current variation along its length and can be arranged into a photon absorbing area coupled to free space and therefore requiring no antennas or quasiparticle trapping. This paper outlines the relevant microwave theory of a LEKID, along with theoretical and measured performance for these devices.
Introduction
Future long wavelength (≥30 µm) imaging instruments require low temperature detectors that can be tiled into CCD-style fully filled arrays and read out with a small S. Doyle ( ) · P. Mauskopf · J. Naylon · A. Porch · C. Duncombe Department of Physics and Astronomy, Cardiff University, Cardiff, CF24 3AA, UK e-mail: Simon.Doyle@astro.cf.ac.uk number of wires like existing semiconductor photoconductor arrays for wavelengths ≤20 µm. Lumped element Kinetic Inductance Detectors (KID) represent one possible technology that can satisfy these requirements as well as being relatively simple to fabricate. The operation of a KID is based on the increase in quasi-particle population and corresponding increase in the kinetic inductance (L k ) within the volume of a superconducting film upon absorption of photons with energies hf > 2 (δn qp ≈ hf/2 ). Measuring this change in inductance requires a sensitive readout. This can be done by patterning the superconducting film into a high quality factor resonator and monitoring the change in phase or amplitude of a fixed tone microwave probe signal centered on the resonant frequency. The variation in L k upon photon absorption is scaled by Q, which can be of order 10 6 for a low loss superconducting resonator operating well below the superconducting transition temperature (T c ) of the film [1] . The theoretical noise limit of these devices is governed by generationrecombination noise, which scales with temperature and film volume [2] . For a typical coplanar aluminium KID device operating at 100 mK this noise is estimated to be around 10 −20 W/ √ H z. However in practice fabricated distributed KIDs have been limited by noise generated in the substrate of the device [3] .
The approach to date for fabricating KID resonators has been to use distributed half-wave or quarter-wave co-planar waveguide (CPW) geometries. For these devices to act as photon detectors power must be coupled into the area of high current density along the resonator using antennas or quasi-particle traps [1] . In this paper we discuss the concept of a new idea for a lumped element KID which has no current variation along its length and also serves as a free space absorber. This new approach provides an elegant solution to the problem of coupling THz radiation to the sensitive element of a KID device, combining the properties of the absorbing area, detection and readout elements of the KID and allowing CCD-style focal plane arrays.
The LEKID Concept
In a resonant circuit fabricated from superconducting elements (L, C), varying the Cooper pair density in the superconductor alters the resonant frequency ω 0 . The change in ω 0 is proportional to α which is the ratio of kinetic inductance
The devices discussed in this paper are created from an LC series resonant circuit inductively coupled to a microstrip feed line. A schematic along with the equivalent circuit of the device is shown in Fig. 1 . The resonant frequency is approximated by:
Absorption of radiation causes a change in the resonant frequency brought about by a change in the kinetic inductance L k . This is measured by observing the magnitude and phase of a fixed tone microwave probe signal set to the resonant frequency ω 0 transmitted past the resonator (S 21 ) along the microstrip feedline. The impedance of the resonator is simply given by the sum of the lumped components The scattering parameters for such an arrangement can be described by a simple ABCD matrix for a series lumped impedance (Z eff ) on a microstrip line, [4] giving:
Here Z 0 is the characteristic impedance of the microstrip feedline and M is the mutual inductance of the coupling. At frequencies far from resonance Z eff is very small and so the resonator does not load the feed line. At frequencies close to resonance the resonator loads the line giving a minimum in S 21 on resonance. The phase of S 21 is simply given by the complex argument of (3).
The rate of change in both the phase and amplitude of S 21 as a function of frequency near resonance is determined by the loaded quality factor (Q L ) of the resonant section. Q L is the measured Q of the resonant section and is determined by the unloaded Q (Q u ) and the coupling coefficient (g). Q u is primarily determined by losses in the superconducting film and dielectric:
where tan δ eff is dominated by the dielectric loss in the inter-digital capacitor. Radiation losses are expected to be small in comparison to conductor losses due to the lumped geometry being far shorter that the resonant wavelength. For this reason a radiation loss term is neglected in (4) . A coupling coefficient is given by:
By adjusting g and hence Q L we can adjust the responsivity of our detector. For a fixed geometry, g can be adjusted by moving the resonator a set distance from the feed line. The effect of this is to alter the amount of magnetic flux threading the meander structure and hence varying the mutual inductance M. Q L can now be written as:
Theoretical and Measured Response of a LEKID Resonator
Devices similar to that shown in Fig. 1 were simulated using Sonnet EM [5] giving values of Q L as high as 150 000 depending on coupling distances from the feedline (for a simulated film resistance of 4 × 10 −8 Ohms/square). Test devices were then fabricated from Niobium films and measured in a 300 mK sorption cooled cryostat using a Anritsu/Wiltron 37692B Vector Network analyser (VNA). Q L values of up to 190 000 were measured on a test device coupled to a 300 µm feedline at a coupling distance of 400 µm. A second chip fabricated from Niobium but using a 100 µm feedline was also tested. This narrower feedline geometry allows for a similar value of g to be achieved with a shorter coupling distance. This chip gave measured Q L values up to 140 000 for a coupling distance of 185 µm. However, the narrower microstrip geometry did give rise to a distortion of the LEKID resonance curve attributed to a series inductance from the wire bonds used to contact the chip. This effect was not as large for the 300 µm line as several wire bonds were used to contact each end of the chip as opposed to a single wire bond used on the 100 µm feedline device. The detailed shapes of the resonance curves closely matched analytical simulations of an "ideal" LEKID resonator coupled to a feedline of set length with a lumped inductance on each end. The response of a LEKID device to photon absorption can be analysed in the same manner as for a distributed KID. Upon photon absorption a change in quasipartical density will lead to a change in resonant frequency ( f 0 ). The change in f 0 is determined by:
L k for a change in quasi-particle density can be calculated by looking in the change in the complex component of the conductivity (σ 2 ). Using Mattis-Bardeen theory to calculate the change in σ 2 with the change in quasi-particle density we find the change in phase of a fixed tone microwave probe signal set to f 0 with change in quasi-particle density [1, 6] :
where
An α value was estimated from a simulation on the meander section alone shows that a LEKID device has a comparable responsivity to a distributed KID with a similar detector volume for a given film thickness [7] .
The theoretical noise limit in any KID device is governed by the generation recombination noise (GR noise) of quasi-particles in the film volume. This noise depends on the quasi-particle density and lifetime for a given volume of superconductor [2] . The LEKID device has a similar volume to that of a distributed KID and will there for have a similar GR noise for a given film and temperature. In practice, KIDs have Fig. 2 (a) Measured resonance curve for a LEKID coupled to a 300 µm feedline at a distance of 400 µm. (b) The same LEKID resonator coupled to a 100 µm line demonstrating enhanced skewing of the resonance feature due to the wire bond inductance. Note both curves have been calibrated to measure 0 dB off resonance to remove the effects of attenuation and amplification in the system set up so far been limited by noise in the readout; either noise due to random events in the dielectric substrate (attributed to two-level systems) [3] for a readout based on the change in the phase of the microwave tone signal or noise in the cryogenic HEMT amplifier for a readout based in the change in the output amplitude. In either case, the readout noise is inversely proportional to the level of the tone signal used for the readout. Therefore the ability to apply a large amplitude tone signal (power handling) without degrading the resonance curve shape is important.
Optical Coupling to a LEKID
A HFSS simulation was performed on the meander section of the LEKID in the absence of a substrate. By tuning the thickness of the meander alone an absorption of ≥50% can be achieved over a broad range of frequencies [7] . Due to the geometry of the meander the optical coupling of the LEKID devices simulated in this paper has a dependence on polarization. The coupling to free space in the favored polarization is determined by the impedance the meander presents to an incoming photon. This impedance can be tuned by altering the film thickness or number of lines in the meander. Optical coupling can be achieved with this structure in two fundamental ways: The first is to illuminate from the front side patterned with the resonators. In this regime the ground plane can be used as a λ/4 back short by choosing an appropriate substrate thickness. The second is to pattern the ground plane into a high pass mesh and illuminate through the substrate.
Conclusions
We have presented a lumped element resonant structure with measured Q factors and calculated responsivities and noise performance comparable to a distributed KID. The results presented in this paper shows further work need to be done to improve the microwave packaging used to mount and contact to this device. The LEKID device is a new concept which still requires further development to reach its full potential. However these early results are very encouraging and highlight the versatility of the LEKID demonstrating various optical coupling regimes. The method of controlling the microwave coupling could be achieved in several ways to optimise the use of space in the focal plane. Methods to be investigated include coupling to a narrow microstrip line with an impedance grater than 50 and coupling to narrow low impedance microstrip processed on the substrate surface using a SiO or SiO 2 dielectric layer. Consideration should also be given to the possibility of coupling to a CPW feed line with the LEKID device fabricated on the underside of the substrate. It is also worth noting that the LEKID device is very simple to fabricate, requiring only a single patterned layer. Another advantage of the LEKID is its size. The device demonstrated in this paper measures approximately 300 µm square and requires no further structure to be optically coupled to incoming photons. This makes the LEKID ideal for creating large multiplexed arrays of ultra sensitive detectors with large filling factors.
